Physical and noise characteristics of power line network have made it a challenging task to design Broadband Power Line Communication (BPLC) systems using single carrier systems. Multicarrier schemes such as Orthogonal Frequency Division Multiplexing (OFDM) have been widely used to design the systems. However, recently Multicarrier Code Division Multiple Access (MC-CDMA) which combines the best features of OFDM and Code Division Multiple Access (CDMA) has been gaining popularity. In this work, a typical low-voltage power-line network found in Kariakoo Area, Dar es Salaam has been considered. Performance of such a lowvoltage channel using Multi-Carrier Code Division Multiple Access with Binary Phase Shift Keying (BPSK) modulation has been assessed for suitability to communication. The simulation of the power-line network was based on data collected from a Map of Kariakoo power-line network. Document Analysis techniques were used to identify branches, cable types, and segment lengths from the map. In the simulated network, the positions of transmitter and receivers were varied to identify possible degraded performance scenarios. It was observed that the maximum Delay Spread for such networks is 3μs, making the number of sub-channels and Cyclic Prefix required to build a 100MegaHertz system, 4096 and 512 respectively. The use of MC-CDMA in broadband power-line communication results in improved performance by 12 to 43 Decibels compared to the use of Orthogonal Frequency Division Multiple Access.
INTRODUCTION
In most developing countries such as Tanzania, rural Information and Communication Technology (ICT) infrastructure is often poor because of high cost of last mile connectivity. It is estimated that building last mile infrastructure from scratch costs up to 50% of all ICT investment [2, 3] . Ubiquity of power lines provides an attractive opportunity to extend telecommunication services to the rural areas. However, power lines' characteristics such as frequency selective fading, background and impulsive noise, and time-varying channel attenuation are unfavorable to communications [4] . The characteristics require advanced signal processing techniques. It has been observed that singlecarrier modulation schemes are inadequate for high speed communication, especially in frequency selective fading environments [4] . Multi-carrier modulation achieves the highest performance in channels with frequency selective fading and severe inter-symbol interference (ISI) such as the power line channel. OFDM-a multicarrier technique, has been used extensively in designing BPLC systems. However, recently, MC-CDMA has attracted the interests of researchers as it embodies the best of OFDM and CDMA.
Designing power-line communications system requires a model that adequately describes channel characteristics of power lines. Over time, a number of models based on Transmission Line Theory (TLT), Multi-conductor Transmission Line (MTL) and measurements have attempted to describe the channel. In this work, a power line channel by [1] has been used.
The rest of the paper is organized as follows: Section II presents key issues associated with BPLC, Section III presents a network design of the BPLC-based MC-CDMA System. Section IV presents the results and finally Section V draws conclusion.
BROADBAND POWER LINE COMMUNICATIONS 2.1 Standardization of BPLC
Power lines have been used for communication purposes for decades. However, they have not been widely accepted mainly because of lack of standardization by an authoritative and credible body [5] . In 2010, IEEE issued a standard for broadband power line communications with data rates of up to 500Mbps for transmission frequencies below 100MHz [6] . The standard covers both indoor and outdoor communications.
Power Line Channel Model
The first significant effort to characterize power line channel was by [7] . It was a simple and straight-forward model where attenuation increased with frequency. However, the model did not take into account the effect of multipath-a feature that is commonly associated with power lines. Multipath propagation was taken into account by [8] where signals travel in several paths, each with different delays. A model presented by [9] is widely accepted as it considers multipath propagation and cable losses (see Equation 1) . The model characterizes each path by a weighing factor gi (product of reflection and transmission factors) and path length di. The parameters a0, a1 and k are obtained from measurements and are used to model the attenuation factor. N is the number of paths.
 (1)
There have been efforts to improve the model presented by [9] by taking into consideration physical characteristics such as segments, branches and termination [10] . In this work, the power-line channel model (see Appendix) proposed by [1] which is based on TLT, has been used. The model is relatively complex, but adequately reflects physical characteristics of the power line channel as it additionally takes into account the loads, interconnection of nodes and distances between nodes.
Noise Characteristics of PLC
In power lines, noise can be grouped into two main types: Impulsive Noise and Generalized Background Noise [2, 11] . The former is composed of the periodic impulses that are synchronous with the main frequency and the asynchronous impulsive noise while the latter is the superposition of the coloured background noise and narrowband disturbances. The fundamental cause of error bursts associated with the PLC channel is the Impulsive noise.
In this work, an unspecified number of independent noise sources transmitting at random (in time and space) were considered. Noises were modeled using Middleton's Class A in such a way that impulsive and background noises forms a sequence of independent and identically distributed complex random variables with the Probability Density Function (pdf) of Class A noise given by Equation 2 [12, 13] . (2) . (3) . (4) . (5) The Gauss Impulsive power Ratio (GIR)-denoted by г in Equation 4 is the ratio between variance of Gaussian noise components and the variance of impulse components , while in Equation 5 , is the variance of noise. For the purpose of this work, A, GIR and m have been assumed to be 0.1, 0.1 and 3 respectively as suggested in [1, 14, 15] .
BPLC Modulation
Modulation schemes such Frequency Shift Keying (FSK), Phase Shift Keying (PSK), Gaussian Minimum Shift Keying (GMSK), Quadrature Amplitude Modulation (QAM), Spread Spectrum, OFDM and MC-CDMA have been used in PLC environments [16] . Choice of a particular modulation scheme is mainly a trade-off between performance and cost. Taking into account characteristics of PLC environment-multipath propagation and frequency selective fading; MC-CDMA has been used as a multicarrier scheme with the low throughput BPSK for subcarrier modulation.
For un-coded MC-CDMA system, at the transmitter side, modulated input data are first converted into parallel sequences and spread using schemes such as Walsh Hadamard codes, Gold codes, etc. Data in the spreading bits is baseband modulated by Inverse Fast Fourier Transform (IFFT) and then converted from parallel to serial. Before placing data sequences on the PLC channel, a guard interval is added in order to counter Inter-symbol Interference (ISI). The resulting data sequence is then transmitted by the PLC channel to the receiver, where the opposite of processing done at the transmitter occurs. Fig. 1 illustrates processing of data bits and both transmitter and receiver for un-coded MC-CDMA system.
According to [17] , symbol error probability (P s ) of BPSKmodulated system is given by Equation 6 . For an MC-CDMA system, signal-to-noise ratio (SNR) per symbol is given by Equation 7 . From Equations 6 and 7, symbol error probability (P smccdma ) of the un-coded BPSK-modulated MC-CDMA system is given by Equation 8 , where N is the number of channels, H k (n) is the channel transfer function at sub-carrier k, SNRs is the signal-to-noise per symbol, Es is the energy of per symbol, and N 0 /2 is the noise power spectral density.
. (6) . (7) (8)
NETWORK DESIGN BASED ON MC-CDMA 3.1 Data Collection and Analysis
Kariakoo's Outdoor Low Voltage power line network in Dar es Salaam, Tanzania has been used to simulate MC-CDMAbased BPLC. It is an urban network with more branches and segments than a typical rural one. Figure 2 shows the map of the network. The map was used to gather regarding types of cable used, interconnections, and loads as in Table 1 . Data on instantaneous behavior of the network was gathered through a simulation of the power-line network using the measurements obtained from the map. To minimize errors, cross-checking of the map using the map's Key was done. Since nodes are 
Impulse Response of the Network
Characterization of the impulse response of the network is very important in the design, development and planning of radio systems [18] ; PLC being radio communication, is no exception. It is from the impulse response of the network that the Delay Spread and channel Coherence Bandwidth necessary for the network design of MC-CDMA-based on BPLC can be determined. In this work, impulse response analysis was carried out at various points in the network by taking into account distance, terminal load and branching between transmitter and receiver.
The impulse response was determined at Z2, Z9, Z19 and Z27 for network Segment A with a transmitter at X and branches terminated in 5Ω (see Figure 4) . For Segment B (with transmitter at Y), it was determined at Z36, Z44, Z48 and Z51 and branches were terminated in 100kΩ (see Figure 5 ). The receiving points in the two segments were terminated in their respective branch characteristic impedance. The impulse response was found using IFFT of the transfer function. A signal of 2V was applied at both transmitter X and Y. In both cases, it can be deduced from the Figures 4 and 5 that the maximum delay spread Tm is close to 3.0μs. 
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Design of the MC-CDMA System
Multicarrier systems work by dividing available bandwidth into sub-channels; the data stream is also divided and transmitted in the sub-channels, hence making more efficient use of the bandwidth as opposed to single channel systems. An MC-CDMA system with total bandwidth of 100 MHz and BPSK modulation for each sub-channel has been considered.
The number of sub-channels N has to be chosen in such a way that the Symbol Time in each sub-channel is greater than the Delay Spread of the channel so as to combat ISI. That is, subchannel bandwidth is less than the channel coherence bandwidth. Note that, the delay spread is the time it takes for the signal to die down, whereas symbol time is the original time of the pulse. Since the maximum delay spread is 3.0μs, the channel coherence bandwidth Bc is given by Equation 9:
Ensuring flat fading on each sub-channel, B/N=0.1*Bc [19] , where B is the total bandwidth, and Bc is the coherence bandwidth. The number of sub-channel N=100MHz/(0.1*0.333MHz)= 3003 . For multiplexing purposes, N must be a power of two, and so N is 4096. It follows that MC-CDMA's symbol duration given by Equation 10: (10) Modulation scheme's performance is reduced by transmission impairments such as fading, noise and delay spread. The delay spread is responsible for inter-symbol ISI between MC-CDMA symbols [20] . The cyclic prefix μ, which helps to fight ISI between the symbols, is given by Equation 11 as proposed in the IEEE 802.16 standard [1, 21] . It can be observed that the cyclic prefix is greater than both the maximum delay spread Tm and symbol time Ts; this is so in order to suppress ISI [22, 23] . The guard interval is therefore computed by Equation 12:
For each sub-channel, the sub-channel bandwidth and subchannel data rate are given by Equation 13 and Equation 14 respectively as:
The transmission time of each MC-CDMA symbol is T = TN+ μTs = 40.96+5.12 = 46.08 μs. It means that the MC-CDMA system transmits log 2 M = 1 bit per sub-channel every T seconds (M=2 for BPSK modulation), so the data rate is 4096*1/(46.08 μs) = 88.89 Mbps [24] . The MC-CDMA design parameters are used with the noise modeling parameters were used to simulate the PLC. Table 2 summarizes design parameters of MC-CDMA system. 
Communications on Applied Electronics (CAE) -ISSN : 2394-
PERFORMANCE EVALUATION OF UN-CODED MC-CDMA
To assess the performance of MC-CDMA system, network Segments A and B were simulated separately. With Segment A, all branches were terminated in their respective characteristic impedance except Z10, Z12, Z15 and Z20 which were terminated in 50Ω. In Segment B, all branches were terminated in their respective characteristic impedance except Z38 and Z46 which were terminated in 50Ω. Figure 6 indicates the performance of MC-CDMA system without error correction mechanism (un-coded) in Segment A. Point Z5 indicates the best performance (SNR 29dB at 10-10 BER) compared to Z19 and Z27 as it is closest to the transmitter. Performance at point Z27 is the poorest as it is farthest from the transmitter. Figure 7 illustrates the performance of MC-CDMA system without error correction mechanisms (un-coded) in Segment B. Point Z30 indicates better performance compared to point Z44 because it is closer to the transmitter than point Z44. Generally, performance deteriorates as the distance and number of branches between the transmitter and receiver increases.
A study on the performance of the same power-line network with OFDM as a multicarrier scheme and BPSK modulation for each channel by [1] shows comparable results. In the study (see Fig. 8 ), performance worsens with increase in distance and number of branches between the transmitter and receiver. Moreover, the best performance for un-coded-segmented network is BER of 10-10 at SNR per bit of 47 dB. Comparing with this study's SNR per bit of 29dB at 10-10 BER, it can be argued that un-coded MC-CDMA system based on BPLC has better BER and SNR values than OFDM system based on BPLC as there is performance improvement of 16dB. 
CONCLUSIONS
In this paper, design specifications of the MC-CDMA system based on BPLC with BPSK modulation for each sub-channel have been studied. The power-line channel model was used to simulate an actual power-line network of Kariakoo in Dar-esSalaam, Tanzania. It has been observed that for such an urban network, the maximum delay spread is 3μs, making the number of channels and cyclic prefix required in designing a 100MHz bandwidth-MC-CDMA system based on BPSK, 4096 and 512 respectively. The performance of un-coded MC-CDMA system was found to deteriorate with increase in number of branches and segment length between transmitter and receiver. The un-coded MC-CDMA system indicates performance improvement of 12-43dB compared to un-coded OFDM system configured in the same manner. 
APPENDIX: POWER-LINE CHANNEL MODEL USED
The Equations.1-20 [1] represents the power-line channel model based on Transmission Line Theory which has been used in this work to simulate power-line communication.
Transfer Function in frequency domain:
Loads connected at various nodes:
(8)
At nodes:
In the equations, ZCmn, Znm, γnm, Lnm and Ln represents the characteristic impedance of line segment nm, terminal load impedance of line segment nm, propagation constant of line segment nm, length of line segment nm and direct path length from the sending end to the node n under consideration, respectively.
